Introduction
Classed as an intermediate Lewis acid by Pearson's hard and soft acid-base concept, 1 lead(II) forms stable complexes with a broad range of neutral and charged donor ligands across Groups 14-17. [2] [3] [4] Although the majority of complexes are with hard (oxygen and nitrogen) donor atom ligands, 3 there is also considerable coordination chemistry with softer sulfur and selenium donor ligands. 4 However, whilst phosphine complexes of most heavy main group metals (including Hg(II), In(III), Sn(II), Sn(IV) and Bi(III)) are well established, 5 the coordination chemistry of lead(II) with neutral phosphines is extremely limited. 2 were claimed in 1960, characterisation was limited to partial microanalysis, 6 and the only structurally characterised examples of neutral diphosphine complexes are the lead(II) thiolates [(2,6-Me 2 C 6 H 3 S) 2 Pb] 2 {µ-Ph 2 P(CH 2 ) 2 PPh 2 } and [(2,6-Me 2 C 6 H 3 S) 2 Pb] 3 {Me 2 P(CH 2 ) 2 PMe 2 }. 7 The latter contains a chain of the three lead centres linked by thiolate bridges, with the Me 2 P(CH 2 ) 2 PMe 2 chelating to the central Pb. 7 Several 1 : 1 polydentate phosphine complexes of Pb(SbF 6 ) 2 have also been studied by in situ 31 P{ 1 H} and 207 Pb NMR spectroscopy in MeNO 2 , although no complexes were isolated. 8, 9 One of the major challenges in synthesising lead(II) complexes with neutral diphosphine ligands is in finding a suitable lead precursor. Main group phosphine coordination chemistry has mostly been performed with metal halides, 5 but the insoluble and intractable nature of the lead dihalides precludes easy synthetic access to this area; instead lead(II) oxosalts such as acetate, nitrate or perchlorate are often used.
2,3
Previously we have investigated crown ether, oxathia-and oxaselena-macrocycle complexes of Pb(NO 3 ) 2 , Pb(BF 4 ) 2 and Pb-(PF 6 ) 2 , finding that the weakly coordinating fluoroanions also readily enter the first coordination sphere of the lead. 10 The very stable di-and tri-imine complexes of Pb(II) with Pb(NO 3 ) 2 or Pb(ClO 4 ) 2 exhibit high coordination numbers and irregular geometries, 11 whilst complexes of these ligands with Pb(BF 4 ) 2 counterion in the complexes formed. Lead is a large metal centre with a covalent radius of 1.46 Å and hence regularly forms complexes with high coordination numbers where the geometry is governed by the number and steric demands of the ligands present, as well as by inter-ligand repulsions. The presence of a formal lone pair on lead(II) will also have an effect on the geometry observed if it is stereochemically active.
Experimental section To a degassed solution of Me 2 P(CH 2 ) 2 PMe 2 (0.087 g, 0.58 mmol) in MeNO 2 (6 mL) was added Pb(BF 4 ) 2 as a 50% aqueous solution (0.229 g, 0.30 mmol) that had been degassed (bubbling with N 2 ) beforehand. A small amount of white precipitate rapidly formed, which was removed by filtration, then Et 2 O (10 mL) was layered onto the colourless filtrate, giving a few small colourless crystals.
X-Ray experimental
Details of the crystallographic data collection and refinement parameters are given in Table 1 . Crystals suitable for single crystal X-ray analysis were obtained as described above. Data collections used a Rigaku AFC12 goniometer equipped with an enhanced sensitivity (HG) Saturn724+ detector mounted at the window of an FR-E+ SuperBright molybdenum (λ = 0.71073 Å) rotating anode generator with VHF Varimax optics (70 micron focus) with the crystal held at 100 K (N 2 cryostream). Structure solution and refinements were performed with SHELX-(S/L)97 14 and were straightforward, except where detailed below. H atoms bonded to C were placed in calculated positions using the default C-H distance and refined using a riding model. Attempts to improve the absorption correction for both [Pb{o-C 6 H 4 (PMe 2 ) 2 }(NO 3 4 − anion was modelled as two distinct orientations (A and B) and DFIX restraints were applied to the B-F distances. The proportions of A and B were allowed to vary through FVAR2. The disorder in the methyl groups around P2 was satisfactorily modelled by splitting C5 and C6 into A and B sites, then applying DFIX restraints to the P-C distances. The proportions of A and B were allowed to vary through FVAR3 while isotropic restraints were used on C5A, C6A and C6B to maintain reasonable ellipsoids. The N1 of the fractionally occupied lattice MeNO 2 is located on a site with 222 symmetry giving a very disordered molecule. DFIX restraints were applied to the N-C and N-O distances.
Crystallographic data in cif format have been deposited with the Cambridge Crystallographic Data Centre (CCDC) and given numbers 1060048-1060053.
Results and discussion
The lead(II) salts used for the syntheses were Pb(NO 3 ) 2 and Pb-(SiF 6 )·2H 2 O, both of which have negligible solubility in organic solvents that are commonly used for phosphine coordination chemistry, such as CH 2 Cl 2 or toluene. Reactions were therefore performed by dissolving Pb(NO 3 ) 2 or Pb(SiF 6 )·2H 2 O in the minimum amount of water that had been purged with N 2 beforehand, to which a solution of the relevant diphosphine in MeCN was added, affording white powders. Owing to the insolubility of most of the complexes in common NMR solvents (CD 2 Cl 2 , CD 3 CN, D 2 O and CD 3 OD), and the labile nature of Pb(II) in solution, the investigations have been driven by solid state characterisation, the key technique being single crystal X-ray diffraction, supported by identification of the anion using infrared spectroscopy, with elemental analysis to confirm the stoichiometries of the bulk samples. Crystals were typically grown by carefully layering a miscible solvent onto a solution of the pre-isolated complex as described in the Experimental. Of the isolated complexes only [Pb{Et 2 P(CH 2 ) 2 PEt 2 }-(NO 3 ) 2 ] was sufficiently soluble in a weakly coordinating solvent (CD 2 Cl 2 ) to allow multinuclear NMR studies. In donor solvents, the diphosphines were partially displaced and no useful data were obtained. 6.6164 (17) 8.404 (2) 16.938 (6) b/Å 10.863 (3) 8.2128 (18) 13.8900 (4) 10.637 (3) 10.352 (3) 24.212 (9) c/Å 14.771 (5) 20.989 (7) 16.2854 (5) 12.354 (3) 15.994 (5) 25.686 ( sphere
Lead(II) nitrate complexes
nitrates on neighbouring molecules link the units into an infinite polymer network (Fig. 1b) Splitting of some of the bands was observed in the IR spec- Under the same reaction conditions the weaker σ-donor and sterically more crowded ligand o-C 6 H 4 (PPh 2 ) 2 did not form a complex with Pb(NO 3 ) 2 . No complex could be isolated with o-C 6 H 4 (AsMe 2 ) 2 , suggesting that the alkylphosphines are better donors in these systems than alkylarsines, an effect also observed with other Group 14 metal acceptors. 5 
Lead(II) hexafluorosilicate complexes
The reaction of Pb(SiF 6 )·2H 2 O with o-C 6 H 4 (PMe 2 ) 2 in a 1 : 1 ratio yielded a white powder which, when dissolved in DMF and layered with Et 2 O, gave small colourless crystals of [Pb{o-C 6 H 4 (PMe 2 ) 2 }(H 2 O)(SiF 6 )]·H 2 O. The crystal structure (Fig. 3a) shows the diphosphine to be asymmetrically chelating, with a short Pb-F bond (d(Pb1-F5) = 2.573(3) Å) to a κ 1 -coordinated SiF 6 2− group and a further bond to a water molecule, so that overall the core molecular geometry is very similar to that of [Pb{o-C 6 H 4 (PMe 2 ) 2 }(NO 3 ) 2 ] (Fig. 2a) , although the disparity in Pb-P bond lengths is greater (∼0.03 Å) and the F-Pb-O angle is large (154.76 (11) (Fig. 3b) , where the lead(II) centre is seven coordinate (or nine if the core SiF 6 2− group is described as κ 3 -coordinated). The o-C 6 H 4 (PMe 2 ) 2 groups are arranged so that they point outwards from the chain. The coordinated water molecule is also hydrogen bonded to a lattice water molecule (HO-H⋯OH 2 = 1.89(7) Å), and together these form a hydrogen-bonding network ( Fig. 3b) with F atoms on nearby SiF 6 2− groups (HO-H⋯F = 1.93(2), 2.05(6), 2.14(3) Å).
The IR spectrum of the bulk solid confirms the presence of the SiF 6 2− group, although the anion coordination mode cannot be reliably identified. 16 The stretching mode is significantly broadened, indicating that the Pb-F interactions are too weak to lower the symmetry of the fluoroanion sufficiently to give resolved splittings. 121 Water is also visible in the IR spectrum, indicating that the bulk solid is probably also [Pb{o- remains long at 3.081(4) Å. The size of the DMF molecule and the lack of hydrogen bonding are presumably the main reasons the units now dimerise (Fig. 4 ) with the SiF 6 2− groups bridging via one F atom per fluoroanion. The orientation of a second DMF molecule close to the Pb(II) centre suggests that is also interacting with the lead (d(Pb-O) = 3.263(6) Å), which gives an overall coordination number of seven or eight for Pb(II). There is also a DMF solvate molecule in the structure.
Formation of this complex also shows that DMF will readily coordinate to lead(II), highlighting its unsuitability as a NMR solvent in these systems, but because of the lability of the complex in solution, the structure obtained is ultimately dependant on which complex crystallises out under the conditions employed. 
Phosphine oxide complexes
(L-L = o-C 6 H 4 (PMe 2 ) 2 , Me 2 P(CH 2 ) 2 PMe 2 ) but they remain κ 2 -coordinated (the third oxygen is uncoordinated) and fill the remainder of the coordination sphere, to give eight coordinate lead. Due to the bridging nature of the phosphine oxide groups, the extended structure (Fig. 5b) is an infinite polymer network. The in situ oxidation of diphosphine ligands in the presence of heavy p-block metals has been reported before; 5 of the phosphine complex. 18 Interestingly, the in situ oxidation of diphosphine ligands has also been reported with Pb(II), when a few crystals of [{(Pb 3 (µ-I) 6 The preferred coordination mode of both the diphosphine and diphosphine dioxide to lead(II) discussed above is also evident here, as the X-ray structure (Fig. 6a ) reveals the Me 2 P-(CH 2 ) 2 PMe 2 to be symmetrically chelating, while the Me 2 (O)P-(CH 2 ) 2 P(O)Me 2 (from the in situ oxidation of the diphosphine ligand) bridges between Pb(II) centres, giving an infinite chain structure (Fig. 6b) . The symmetry related BF 4 − groups are disordered, but seem to adopt two distinct and reasonably welldefined orientations. Although not discussed in detail because of the disorder, the Pb-F distances in the two orientations are similar at ∼3.1 and 3.3 Å, allowing the fluoroanion to be described as either κ 1 -or κ 2 -coordinated. Overall the Pb(II) exhibits the expected core (P 2 O 2 ) geometry. There is also a disordered (the N atom is located on a site with 222 symmetry) fractionally occupied (50%) MeNO 2 solvate molecule in the asymmetric unit.
Conclusions
Several new and rare diphosphine complexes of the lead(II) salts Pb(NO 3 ) 2 and Pb(SiF 6 ) have been isolated and structurally characterised, revealing a clear preference for a single bidentate phosphine ligand to chelate to lead(II). Unexpectedly, there is no evidence that a second diphosphine can be introduced to the Pb(II) coordination sphere, in marked contrast to the complexes of diimines where bis-ligand complexes predominate. 11, 12 This is unlikely to be due to steric constraints on the large metal centre, and presumably reflects rather limited affinity of the lead(II) for the phosphorus donors. Although the geometries around the Pb(II) are highly irregular, a core fourcoordinate motif arranged on one hemisphere of the lead is identifiable in every complex, with longer (weaker) contacts to anions from neighbouring molecules occupying much of the remaining coordination sphere, leading to extended polymer chain and network structures. As with the di-and tri-imine complexes of Pb(SiF 6 ), 11 the little studied SiF 6 2− dianion can bond to a single Pb(II) ion via one or more Pb-F interaction(s), or can bridge between metal centres. The SiF 6 2− group is stable in these systems, with no evidence of hydrolysis or fragmentation of the fluoroanion having occurred. This contrasts with the degradation seen for some PF 6 − or BF 4 − salts with Pb(II) and Sn(II) macrocyclic species. 10 In some cases adventitious oxygen leads to in situ oxidation of diphosphine ligands, yielding the corresponding diphosphine dioxide complexes, where the diphosphine dioxide bridges between lead(II) centres. This remains a challenging area, with poor solubility and the lability of Pb(II) in solution limiting the information that can be gathered from spectroscopic characterisation.
